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Introduction
Gueymard [1] introduces why we need to address the issue of modelling the solar resource on a tilted surface.
Accurate solar radiation resource data are necessary at various steps of the design, simulation, and performance evaluation of any project involving solar energy. Solar energy systems are installed on either fixed tilted planes or tracking receivers.
Similarly, glazed envelopes are installed vertically on the facades of buildings or at a variety of tilt angles in atria.
The most usual situation is that we have satellite inferred solar radiation data on a horizontal surface, and restricted to the global radiation only. If we are to infer from that the global radiation on a tilted plane, we are going to have to go through a chain of models. One can predict the diffuse on a horizontal surface using the BRL model for example [2] . Then, one can calculate the direct on the horizontal. From there we can use a model to predict the diffuse on the tilted plane. Even if the diffuse (or direct) is measured on the horizontal, we will still need a model to go to the tilted plane. It would in fact be a bit ridiculous to be measuring solar radiation on a tilted plane if we did have the resources because what tilt and orientation would be of use for a project would only be known when that project were designed.
We are investigating four models for their relative merits in estimating diffuse solar radiation on a tilted plane given measurements on a horizontal plane. No such model needs to be used for the direct solar radiation as simple trigonometry can be employed. This is not the case for diffuse as it is anisotropic over the sky dome.
The models are Hay [3] , Skartveit and Olseth [4] , Gueymard [5] and Perez et al. [6] .
Previous Studies

Literature review
Kambezidis et al. [7] presented a comparative assessment of tilted irradiation models, using hourly measurements of total solar irradiation on a surface tilted 50 degrees and oriented south in Athens. Twelve sky diffuse submodels were used with four albedo submodels to estimate the global irradiation on the tilted surface from data on the horizontal plane. Root mean square errors (RMSE) and mean bias errors (MBE) were used to determine the intrinsic performance of each diffuse tilt/albedo submodel combination. Gueymard [5] , Hay [3] , Reindl [8] , and Skartveit and Olseth [4] diffuse tilt submodels were found to have the best overall performances, in conjunction with either one of three albedo submodels (constant albedo, seasonally varying albedo, and anisotropic albedo). The anisotropic and seasonally varying albedo submodels do not improve the performance of the four better diffuse tilt models (compared to their performance using an albedo fixed at 0.2) for the moderately tilted surface investigated in this article. Kambezidis et al. [9] performed a similar analysis for daily radiation totals, finding that the Gueymard model [5] performed the best.
Nijmeh and Mamlook [10] evaluated only two models and they were early ones, so we can discount this work. Diez-Mediavilla et al. [11] compared 10 models used to estimate diffuse solar irradiance on inclined surface. Among the models are the models of Hay [3] , Gueymard [5] and Perez [6] . The models were tested against data collected from a south facing surface inclined at 42°. RMSE and MBE statistics were used to rank the models. The results obtained favour the Muneer model [12] , followed by the Reindl model [8] , for hourly as well as for daily values.
In Notton et al [13] , 15 models (including the models of Hay, Gueymard, Perez and Skarveit) were tested. The performance (given by the RMSE and MBE) of models wes evaluated against data (2 inclinations 45° and 60°) measured on the French Mediterranean site of Ajaccio. Among the tested models, the Perez model exhibits the best accuracy. Regarding the reflected part of the radiation from the ground on the tilt plane, the authors chose a constant value of 0.2 for the albedo and noted that this value is the most commonly used in the literature. Further, they argued that some authors Kambezidis et al. [7] used three different albedo and showed that it did not improve the performance of their estimation compared to utilization of an albedo fixed at 0.2.
Loutzenhiser et al. [14] checked seven solar radiation models on tilted surfaces that were implemented in building energy simulation codes. Among the models tested are the models of Hay [3] and Perez [6] .
Gueymard [1] compared 10 transposition (between horizontal and tilted planes) models that were appraised against global radiation measured on fixed-tilt, southfacing planes (40° and vertical) and a 2-axis tracker at NREL's Solar Radiation Research Lab. in Golden, CO. Among the tested models are the model of Hay, Skartveit, Perez and Gueymard. It must be stressed that the models were tested against 1-minute irradiance data. In this work, the usual error metrics are used i.e.
(mean bias error, MBE, and root mean square error, RMSE) to evaluate the models.
The goal of the paper was not to compare the performances of the transposition models but rather to gain a better understanding of what drives the modelling errors.
One may also notice that the models were also tested with suboptimal inputs (i.e. when only global irradiance is known and specific models were used to estimate diffuse or direct). The authors noticed that the performance of the models degrades significantly. Under clear skies and for optimal inputs, the Gueymard and Perez models exhibit the best estimates of global tilted irradiance. Although, the transposition models reviewed in the paper were generally developed from hourly data, they appear to be equally applicable to 1-minute data.
Evseev and Kudish [15] assessed 11 models that convert horizontal diffuse radiation to diffuse radiation incident on a tilted surface utilizing data measured in Beer Sheva, Israel. Among the 11 models are the models of Hay, Skartveit, Perez and Gueymard.
The data consist of hourly global and diffuse solar radiation on a horizontal surface, normal incidence beam and global radiation on a south-oriented surface tilted at 40°.
The relative performance of the different models under different sky conditions has been assessed. Indeed, the relative ability of the models to predict the global radiation on a tilted surface is, a priori, a function of sky conditions, since all the models make assumptions regarding the isotropy or anisotropy of the sky conditions. Consequently, they have been analysed under all cloud conditions and, also, under clear, partially cloudy and cloudy skies.
Summary and procedure proposed for the present work
Abundant research has been aiming at comparing several models. The anisotropic models of Hay, Skarveit, Gueymard and Perez are often tested. All of the comparative studies have been made for northern hemisphere sites. In most of the works, the models are tested for a maximum of 2 tilt angles and one or two orientations. If the ground albedo is not locally measured, it is current practice to choose a fixed value of 0.2. Moreover, some authors stated that the use of different albedo did not lead to improved performance of the models. Among the cited papers, a detailed study of the performance of the models for different sky conditions is rarely made except the work done by Evseev and Kudish [15] .
The analysis of the different papers does not exhibit a particular powerful model albeit 2 or 3 papers (Notton and Gueymard papers) mentioned the Perez model as a good candidate.
Regarding the data, a quality check is made by some authors (Evseev and Kudish [15] and Notton et al. [13] ). Finally, one may notice that most of the authors used the classical error metrics RMSE and MBE to assess the accuracy of the models.
In an attempt to complete the previous surveys, this work aims at assessing the performances of the four most cited models in the literature (i.e Hay, Skartveit, Gueymard and Perez models) for a southern location (Reunion Island).This comparative study benefits from a sound and consistent experimental set-up (see section 4) and is more detailed than the previous research works as 14 inclined planes are available for testing.
Models Tested
Hay Model
The diffuse solar radiation on a tilted plane with tilt angle ! and azimuth ! as given by
Hay's Model [3] is:
Skartveit and Olseth Model
Skartveit and Olseth's model [4] was developed for high latitudes and is essentially an extension of the Hay model
Gueymard Model
From Gueymard [5] , the radiance of a partly cloudy sky can be considered as a weighted sum of the radiances of a clear and an overcast sky.
where! !" is the weighting factor and the subscripts 0 and 1 refer to the opacity (0 clear and 1 overcast). ! !! is obtained as the sum of a circumsolar component (dependent on the angle of incidence !) and a hemispheric component (dependent on the tilt of the collector ! and the solar altitude !).
In this the parameters (themselves functions) were estimated and took the following forms:
In the last few relationships,
Perez Model
The Perez et al. [6] model is based on a three components treatment of the sky diffuse irradiance. The incident diffuse energy on any tilted surface is given by
Here, ! ! and ! ! are circumsolar and horizon brightening coefficients, and ! ! , ! ! account for the respective angles of incidence of circumsolar radiation on the tilted and horizontal surfaces.
With these definitions, 
Note that in this equation, ! is in degrees.
where ! is air mass and ! !,! is the extraterrestrial normal incidence irradiation.
The ! !" are obtained from Table 1 for various values of ! ! . 
Data collection and analysis
The instrumentation was set up in the platform of Saint-Pierre, Reunion Island (latitude 21° 20' south, longitude 55° 29' East, altitude 76m). This site is located on the sunniest coastal part of the island. The local climate is warm and wet with an average annual temperature close to 24°C and an average annual humidity of 70%.
Trades winds blow approximately 30% of time in this part of the island.
The instrumentation is divided into two parts (see also Table 2 ). The first one is a complete weather station that measures the standard climate variables with a minute time step. The second part is a semi-hemispheric structure composed of fifteen different planes ( Fig. 1 and Table 2 ). Each plane gathers two PV polycrystalline silicon cells from the two French manufacturers (Photowatt and Tenesol) and a secondary standard pyranometer from Kipp & Zonen [16] . Table 3 irradiance. Furthermore, a sun tracker offers additional data concerning the solar radiation (beam, diffuse and long wave irradiances). This part of the experiment is set up on a roof in order to avoid shading effects from the nearby buildings (Fig. 1 ). The measurement campaign was done in two steps. The first one was a calibration procedure. The pyranometers were installed horizontally during a short period (5 weeks). This phase of calibration permitted assessment of the dispersion of the measurements and to detect material failures or incoherence in the measurements.
The pyranometer that records the global horizontal irradiance on the sun tracker was used as a reference. The measurements of the other 14 pyranometers were corrected with a linear function (! = !" + !) to fit exactly to the reference by minimizing the MBE (see equations 9 and 10). Table 3 provides the error metrics between the reference and the 14 other pyranometers before and after the calibration step. The raw measurements present MBE in the range ±3% according to the technical data of these sensors. We can also note that minimizing the MBE permits to reduce the RMSE (see Eq. (7) and Eq. (8) Table 3 : Error of measurement before and after the calibration step During the second step, the pyranometers were mounted on the semi-hemispherical structure. Continuous measurements were recorded during a period of one year.
They were corrected as presented in the calibration step. Unfortunately, the sensor set up on the plane with a 20° inclination and a 60° azimuth (north-west) gave erroneous data during this step. So the measurements of this plane were not used for the test of the models.
The data were all collected on a data logger with a 10 seconds time step (scan frequency) and they are averaged and recorded every minute. The two periods of record use for this study are: Finally, all the data were stored in a web database. This method of data management permits both the retrieving and the real-time access to the data. Such a method was already tested with the weather station. It offers great possibilities of control of the experimental devices and powerful data treatment. In order to assess the models, a comparison between the calculated and measured irradiance was done. Different error metrics were used. Among others, the root mean square error (RMSE) and the normalized root mean square error (NRMSE) are found to be suitable for ranking the models. A lower RMSE or NRMSE means that the model fits better the experimental data. In the case of solar irradiance, the mean bias error is a good indicator of the precision of the models for periods longer than a day. It is proportional to the bias on the predicted energy over the considered period. Table 4 ). This criterion permits comparison of the performance of the models by taking into account the complexity of their formulation. The model that exhibits the lowest BIC is deemed to be the best one. Table 4 : number of fitting parameters used for the BIC calculation
Results and discussion
Overall performance of the models
The overall performance (see Tables 5, 6 Table 5 : Total errors for hourly data and measured albedo 
Use of the measured albedo and minute time step data
The albedo was not measured exactly at the same place as the inclined planes and could be a source of error. So a constant albedo of 0.2 was also tested in the input of the models. As mentioned in previous studies (Kambezidis et al. [7] ,,Notton el al.
[13]), the results show that the use of the measured albedo do not improve the performances of the models. In our case, a constant albedo of 0.2 gives slightly better results for all the models (see Table 6 ). Table 6 : Total errors for hourly data and albedo=0.2
The tested models were developed with hourly inputs but Gueymard [1] states they can be equally used for minute time steps. In our case, the use of minute data degrades significantly the performances of the models (Table 7) . Nevertheless, the rank of the models is still the same. Table 7 : Total errors for minute data
Influence of the sky conditions and model's performance vs. incidence angle of the beam radiation
The clearness index (! ! ) is used in order to assess the influence of the sky conditions on the performances of the models. In Fig. 3 ,the relative error (%) is nearly equally distributed for a clearness index lower than 0.6 (cloudy skies). For the clear sky days with a high clearness index, greater than 0.6, the relative error exhibits a less important distribution. The points situated under the -50% relative error come from the planes facing west. Two phenomena can explain these underestimated values of the west facing planes. First, the albedo was not measured for each titled plan but globally for the site. So it does note take into account a possible anisotropy of the environment solar reflectivity. At the east side of the experiment is a car park and at the west side is dry vegetation. Second, the models do not integrate the diurnal asymmetry of the solar irradiance. 
Conclusion
In this work, a consistent experimental procedure has been setup for a comparative study of 4 models. Overall, the Perez model exhibits the best performance. Analysis of the accuracy of the models for different sky conditions shows rather high relative errors for planes 40°, Azimuth 60°, 90°. A more in-depth study is currently being undertaken in order to identify the cause of this phenomenon.
An asymmetry between east and west clearly appears for all the models and tend to confirm that a specific treatment of solar radiation in the beginning and end of the day must be undertaken.
This study also confirms that the use of a constant albedo of 0.2 for these models (instead of a measured one) led to better results. Finally, although the use of one minute data led to the same ranking of the models, in our opinion, a specific procedure to fit the models for that time scale must be conducted in order to improve the accuracy of the models.
